(5) and has been shown to possess quinone oxidoreduc--Crystallin is a taxon-specific crystallin found in the tase activity (6). It has been recruited in the lens where eye lens of guinea pig and other hystricomorph rodents it is expressed in large amounts and may have a strucand camelids. It is an NADPH:quinone oxidoreductase tural role to play in maintaining the transparency of the and is also present in low amounts in other tissues lens ensemble. -Crystallin is particularly interesting where it might act as a detoxifying enzyme. A lens-because of two reasons: first, a deletion of 34 amino specific promoter confers lens-specific expression of acids in the protein which results in the omission of the the gene in high amounts where it is speculated to play NADPH-binding domain causes a form of hereditary a structural role in maintaining the transparency of nuclear cataract in a line of strain 13/N guinea pigs the lens ensemble. A deletion mutation leads to autoso-(8, 9); second, it has two distinct promoters, one responmal dominant congenital cataract and also results in sible for high level expression in the lens and the other the loss of NADPH binding. In order to perform struc-for expression in catalytic amounts in the liver and tural studies with the protein with an aim to delineate other tissues (10). This has evolutionary significance the cause of cataract in these mutant guinea pigs, in the context of "gene sharing" where an enzyme is recombinant -crystallin was cloned and expressed in recruited as a lens protein by the presence of another Escherichia coli. The overexpression of the protein in promoter.
quinone oxidoreductase.
in order to overexpress the protein in E. coli. The expressed protein mainly deposited into inclusion bodies, a common problem with heterologous expression of pro--Crystallin is a major lens protein of two groups of teins in E. coli (12, 13) . Even though the information mammals: camelids and some hystricomorphic rodents for the protein to fold into its native three-dimensional (1, 2) . It is also found in enzymatic quantities in other structure lies in its primary sequence (14) , the relaanimals and tissues (3, 4) . It belongs to the protein tively high concentration of newly synthesized polypepsuperfamily of medium-chain alcohol dehydrogenases tides in the highly crowded environment of the cell causes undesirable and inappropriate protein-protein interactions which significantly decrease productive also leads to aggregation and formation of inclusion France), the details of construction of which are described in (27) . bodies. Since these insoluble protein molecules have to be unfolded in the presence of high concentrations of Methods chaotropic agents and then refolded in vitro in an often
Cloning of guinea pig -crystallin. Total RNA was inefficient and laborious manner (15) , we decided to isolated from the lenses of normal guinea pigs using coexpress molecular chaperones which modulate the Trizol reagent. The first-strand cDNA was synthesized kinetic partitioning between productive folding and offusing oligo(dT) primer and Moloney murine leukemia pathway reactions within the cell (17) (18) (19) .
virus-reverse transcriptase (Stratagene) according to A well studied chaperone system of the E. coli, namely the manufacturer's guidelines. Gene-specific primers GroEL/GroES, was exploited to increase the yield of having engineered NdeI and HindIII sites were then correctly folded protein (19, 20) . The GroE chaperonins used to amplify the -crystallin cDNA by polymerase recognize hydrophobically collapsed structures and stachain reaction. The amplified product was cloned into bilize them from further aggregation (20). Earlier rea T-vector pCR2.1 (Invitrogen) to generate pCR2.1-ports show that co-overproduction of chaperones have plasmid. been effective in obtaining recombinant proteins in a Sequencing and subcloning of guinea pig -cryssoluble and active form in some cases (21-26). In the tallin. pCR 2.1-plasmid was sequenced with M13 present study, we report the successful folding of the forward and reverse primers using the Big Dye termiwild-type recombinant -crystallin by co-overexpressnator cycle sequencing kit (Perkin Elmer) in an Applied ing it with GroEL/ES. The cotransformed E. coli cells Biosystems automated DNA sequencer. The sequence were used to produce recombinant -crystallin on a matched with the earlier published data. The coding large scale. The purified protein was characterized with region was excised from pCR2.1 by digestion with NdeI respect to structure, ability to bind NADPH, and activand HindIII and ligated into pET21a (Novagen) which ity and was found to be identical to the lens-isolated had been linearized by digestion with NdeI and HindIII protein, except for minor differences which show up in to generate pET21a-. the spectroscopic studies.
Cooverexpression of -crystallin with chaperone GroEL/ES. The expression plasmid pOFx-T7-SL3,
MATERIALS AND METHODS
which contain the cDNA of the GroE operon under a Materials T7-promoter, was transformed into competent E. coli BL21(DE3) cells into which pET21a-had been earlier Following is a list of experimental materials used and from where they were obtained: isopropyl-␤-D-thioga-transformed. The pET21a vector possesses a pBR322 origin of replication which is compatible with the p15A lactopyranoside (IPTG) 2 (Sigma); ampicillin, spectinomycin, and low-molecular-weight markers for SDS-origin of replication of pOFX-T7-SL3. Thus both plasmids could be stably maintained in the same bacterial PAGE (Bangalore GENEI, India); Blue Sepharose (Amersham Pharmacia Biotech); 8-anilino-1-naptha-cell. Furthermore, the two plasmids within a cell carried different antibiotic resistance genes which allowed lene sulfonic acid (ANS) and Trizol reagent (Life Technologies Inc.); Moloney murine leukemia virus reverse selection for simultaneous presence of both plasmids.
The cotransformed cells were cultured overnight at transcriptase (Stratagene); restriction enzymes (New England Biolabs); Big Dye terminator cycle sequencing 37ЊC with vigorous shaking in LB medium supplemented with 100 g/ml ampicillin and 50 g/ml spectikit (Perkin Elmer); 9,10-phenanthrene quinone (Merck); nicotinamide adenine dinucleotide phosphate nomycin. A 1% inoculum of the overnight culture was used to subculture 15 ml of Luria broth with appro-(reduced) (SRL, India); Superose 12 HR 10/30 prepacked column (bed volume 24 ml) and Mono Q HR 16/ priate antibiotics. The subcultured flasks were grown at 37ЊC to mid-exponential phase (A 600nm ϳ 0.6), in-10 (bed volume 20 ml) (Amersham Pharmacia Biotech); Luria Bertani medium (HiMedia, India).
duced with 1 mM IPTG and maintained at 37ЊC. Three milliliters of culture was withdrawn and the cells were The following bacterial strains and plasmids were used: E. coli DH5␣, supE44 ⌬lacU169 (⌽80lacz⌬M15) pelleted at 6000g for 20 min and resuspended in 300 l of 50 mM potassium phosphate buffer, pH 7.8. The hsdR17 recA1 endA1 gyrA96 thi-1 relA1; E. coli BL21DE3, hsdS gal (cIts857 ind1 Sam7 nin5 lacUV5-cells were disrupted by sonication on a Branson cell sonifier and centrifuged at 10,000g for 30 min. The T7 gene1). Plasmid pCR2.1 was obtained from Invitrogen, pET21a from Novagen (Madison, WI), and supernatant was separated as the soluble fraction. The pellet comprised the insoluble fraction and was resuspOFx-T7-SL3 were obtained as a kind gift from Dr. Olivier Fayet (Microbiologie et Genetique, Toulouse, pended in 300 l of SDS sample buffer. Total cell lysates were obtained by taking 1-ml aliquots at the same intervals, pelleting down the cells and resuspending them SDS-PAGE. The total cell lysates and soluble and NADPH monitored at 340 nm using a Hitachi U2000 spectrophotometer. Blanks lacking the substrate or eninsoluble fractions were normalized with respect to cell density and loaded on 12% SDS-polyacrylamide gels zyme were run routinely. One unit of enzyme activity was defined as oxidation of 1 mol of NADPH min
Ϫ1
under reducing conditions (28) and stained with Coomassie brilliant blue R250 (Sigma). The gels in which mg Ϫ1 protein. the soluble and insoluble fractions of the cell expressing FPLC gel permeation chromatography. The compar--crystallin alone and those co-overexpressing -crys-ative size of the native and recombinant wild-type protallin along with GroEL/ES were scanned and analyzed teins was evaluated on a Superose 12 HR 10/30 predensitometrically to quantify the amount of -crystallin packed column (10 ϫ 300 mm, bed volume 24 ml, partitioning into the soluble fraction.
Amersham Pharmacia Biotech) in 50 mM Tris, 1 mM EDTA, 100 mM NaCl, pH 7.8, at a flow rate of 0.3 ml/ Purification of recombinant -crystallin. The inmin. The standard gel filtration markers (Sigma) used duced cells from 500 ml of E. coli culture cotransformed for calibration of the column were aldolase (158 k), bowith pET21a-and pOFx-T7-SL3 were pelleted at vine serum albumin (67 k), ovalbumin (45 k), and car6000g for 10 min. The pellet was resuspended in 3 ml bonic anhydrase (29 k). of 50 mM Tris-HCl buffer, pH 8.0, containing 1 mM EDTA and 100 mM NaCl. Lysis was performed acFluorescence measurements. Intrinsic fluorescence cording the protocol of Marston et al. (29) by adding spectra were recorded on a Hitachi F-4010 fluorescence lysozyme, deoxycholate, and DNaseI. The lysate ob-spectrophotometer with the excitation wavelength as tained was further subjected to sonication on a Branson 280 nm. The excitation and emission band passes were Sonifier to disrupt the cells completely. After pelleting both set at 3 nm. The spectra were taken with and down the inclusion bodies, the supernatant containing without the addition of 20 M NADPH. the soluble fraction was run on a MonoQ FPLC ion-ANS binding studies. -Crystallin (0.2 mg/ml) in exchange column (Amersham Pharmacia Biotech) buffer A was incubated with 20 M of ANS at 25ЊC for which had been equilibrated in 10 mM Tris buffer con-5 min. Fluorescence spectra were then recorded with taining 0.5 mM EDTA, pH 7.4 (buffer A). The protein an excitation of 365 nm. The excitation and emission did not bind to the column and was thus separated from band passes were both set at 3 nm. the other E. coli proteins which bound to the column Circular dichroism studies. Circular dichroism matrix and eluted with a gradient of 0-1 M NaCl in spectra were recorded using a JASCO J-715 spectropobuffer A. The protein thus obtained was further purified larimeter. All spectra reported are the average of five by gel permeation chromatography on a Superose 12 accumulations. Far and near UV CD spectra were recolumn, after which its purity was tested on a 15% corded using 0.05-and 1-cm pathlength cuvettes, re-SDS-PAGE and found to be more than 98% pure.
spectively. For studying the effect of cofactor on the Isolation and purification of native -crystallin from protein structure, the protein sample was incubated guinea pig lens. Native -crystallin from guinea pig with 20 M NADPH for 30 min before recording the lens was isolated and purified as described previously spectra. (6) . In brief, lenses were homogenized in buffer A and passed through a Blue Sepharose (Amersham Phar-RESULTS macia Biotech) column to which the -crystallin binds.
Cloning and Expression of Guinea Pig Lens
The column was then washed with 0.1 M NaCl in buffer -Crystallins A to remove some of the contaminating proteins which might bind loosely to the column by virtue of possessing
The coding region of -crystallin amplified by polynucleotide binding sites. The protein was eluted using merase chain reaction from guinea pig lens first strand 1 M NaCl in buffer A. Its purity was assessed on a cDNA were ligated in to plasmid pCR2.1 to generate 15% SDS-polyacrylamide gel electrophoresis and the plasmids pCR2.1-. Double-stranded sequencing conconcentration determined by a modified Lowry et al. firmed that the coding region was identical to the premethod (30) .
viously reported sequence. The -crystallin cDNA was then subcloned into the expression vector pET21a to Enzyme activity. -Crystallin activity (6) was monitored in the soluble fractions of the cell lysates using yield pET21a-. The expression plasmid pET21a-was transformed into E. coli BL21(DE3) and the T7 pro-9,10-phenanthrenequinone as substrate. The reaction mixtures contained 0.1 mM NADPH, 0.1 mM EDTA, moter was induced by IPTG. Aliquots of the E. coli culture were drawn at 1, 2, and 3 h after induction 25 M 9,10-phenanthrenequinone, 50 mM potassium phosphate buffer, pH 7.8, and appropriate amounts of with IPTG. The cells were pelleted and fractionated into soluble and insoluble fractions. The total cell lyenzyme in a final volume of 1.0 ml. The reaction was initiated by addition of substrate and the oxidation of sates and soluble and insoluble fractions that had been normalized with respect to cell density were analyzed This was corroborated by the recovery of the quinone on a 12% SDS-polyacrylamide gel. On the stained gels, oxido-reductase activity which the -crystallin posthe 35-kDa band corresponding to -crystallin ( Fig. 1) sesses (data not shown). In the control strain (concould be easily distinguished from the rest of the E. coli taining no -crystallin or chaperone plasmid), grown at proteins. The levels of the protein in the cell increased 37ЊC for 3 h, there was a basal activity that arises from with time, showing successful induction by IPTG being the E. coli genome-encoded quinone oxido-reductase. maximum at 3 h after induction. As the level of the The activity increased slightly when pET21a-alone wild-type protein increased in the cell, the partitioning was expressed. The activity almost doubled in the cells into inclusion bodies or, in other words, the pellet fraction, concomitantly increased.
containing both pET21a-and pOFx-T7-SL3. Higher activity matched with the increased partitioning of the Effect of Overproducing Chaperonin GroEL/ES with protein into the soluble fraction of cells. It appears from -Crystallin our results that overproduction of GroEL/ES has a beneficial effect in facilitating folding and assembly of the Plasmid pOFX-T7-SL3 was transformed into E. coli -crystallin into its native structure. BL21(DE3) and the extent of expression of the chaperone they encode was checked by induction with IPTG. The cellular levels of the chaperone increased approximately fourfold (data not shown). This plasmid was then transformed into BL21(DE3) cells already harboring the pET21a-. When -crystallin and the GroEL/ ES proteins were coexpressed, there was no detectable change in the expression rates of -crystallin.
To determine whether the chaperone GroEL/ES had an effect in increasing the solubility of -crystallins, the E. coli cultures harboring both expression plasmids were grown to mid-exponential phase at 37ЊC, induced with IPTG and maintained at 37ЊC for 3 h. Postinduction, the total cell lysate and soluble and insoluble fractions of the above culture were analyzed by SDSpolyacrylamide gel electrophoresis. The gel was then scanned on a densitometer and the intensity of the bands normalized with respect to a control E. coli band whose expression is not affected by induction or coexpression. It was seen that coexpression with GroEL/ ES FIG. 3 . MonoQ FPLC elution profile of the soluble fraction of the resulted in a threefold increase of -crystallin into the E. coli cell lysate overexpressing -crystallin and GroEL/ES. The position of the peak where -crystallin elutes is marked.
soluble fraction (Fig. 2) . 
Purification of the GroEL/ES-Folded Recombinant
-Crystallin Comparison of the Recombinant Protein and the protein does not bind to the column and is thus sepaLens-Isolated -Crystallin rated from the other E. coli proteins which only elute out with a salt-gradient (Fig. 3) . Approximately 5 mg Both the recombinant and the lens-isolated -crysof pure recombinant protein could be obtained from 1 tallins eluted at the same time when chromatographed L of E. coli culture. The purity of the protein was ason a Superose 12 gel permeation column, indicating sessed by SDS-polyacrylamide gel electrophoresis ( Fig. that the recombinant -crystallin is identical in size to 4), wherein the pure recombinant and the lens-isolated the native lens protein. Molecular weight standards were also run on the column, which confirmed that the protein was about 140 kDa, which corresponds to the molecular weight of the native tetramer (Fig. 5) . The specific activity of both the recombinant and lensisolated -crystallin was comparable, the recombinant protein gave an activity of 2.62 Ϯ 0.04 enzyme units/ mg, while the lens-isolated enzyme gave an activity of 2.87 Ϯ 0.046 enzyme units.
The intrinsic fluorescence spectra (Fig. 6 ) of the recombinant -crystallin when excited at 280 nm showed an emission maximum at 312 nm, reflecting its high content of tyrosine residues. The lens-isolated -crystallin also showed a similar profile with minor increase of binding to the nucleotide cofactor (32).
relatively high concentrations of the newly synthesized polypeptides within the cells (32). Under normal circumstances of in vivo folding, molecular chaperones modify the kinetic partitioning between productive folding and off-pathway reactions (18) . During overexpression of proteins in E. coli, the bacterial chaperones might get titrated out and thus fall short to meet the demand of an overload of nascent polypeptides. Increasing the chaperone supply was thought to mitigate this problem to some extent. Here, overexpression of GroEL/ ES along with -crystallin did help to solve the problem.
Overproduction of components of the GroEL/ES chaperone machines has been shown to improve the cytoplasmic solubility and secretion of a number of aggregation-prone heterologous proteins in E. coli (21-26). However, these chaperones had little effect on the proper folding of some other recombinant proteins activity (data not shown) demonstrated that the activity initially accumulates in cells overexpressing -crystallin. After reaching a certain threshold, the activity The hydrophobicity of the recombinant and lens-isodid not increase further, which might be due to aggregalated -crystallins was probed with ANS, a fluorophore tion and precipitation of the highly concentrated and that reports local hydrophobicity (Fig. 7) . The emission precipitation of the highly concentrated protein molemaxima for both proteins remain at 490 nm; a slight cules. In vitro refolding of another tetrameric dehydrochange in intensity was seen which might be accounted genase, LADH indicates that reactivation of LADH for the minor impurities present in the lens-isolated from its denatured form in urea, is observed only at -crystallin preparation.
concentrations below a limiting value of 10 nM; at Figure 8 shows the near and far UV CD spectra of higher concentrations, the yield of reactivation dethe recombinant and the lens-isolated -crystallins in creases drastically because of aggregation (35). Overexthe presence and the absence of the nucleotide cofactor pressing chaperones can thus stabilize the protein and NADPH. The far UV CD spectra (Fig. 8, top) showed a prevent it from sticking to each other and precipitating significant presence of ␣-helical structure in agreement into insoluble aggregates. The GroEL/ES chaperonin with earlier observations (1). CD profiles of both the machinery was observed to increase the yield of solulens-isolated and the recombinant proteins overlap. The ble protein. near UV CD (Fig. 8, bottom) showed induced chirality Large amounts of soluble and active recombinant on binding of NADPH to -crystallin. Neither -crys--crystallin could not be obtained with the help of tallin nor NADPH by themselves contribute to the CD GroES/EL coexpression. The protein purified is identispectrum above 300 nm. However, when -crystallin cal to the lens-isolated protein as regards its secondary was incubated with 20 M NADPH and then the specand tertiary structure as seen from the circular dichrotra recorded, a negative CD band was induced between ism spectra. The gel permeation data confirm that the 280 and 400 nm with minima at 330 nm. This again recombinant protein is able to tetramerize and form demonstrates the ability of the recombinant protein to a quarternary structure identical to the native lensbind NADPH similar to the native lens protein.
isolated -crystallin. The protein can also bind to its cofactor NADPH. This is elucidated by fluorescence quenching studies and also by the induced near-UV CD DISCUSSION signal. Both the recombinant and lens-isolated proteins have comparable specific activities. The availability of Overexpression of -crystallin in E. coli led to the formation of inclusion bodies. Moreover, the fraction of large amounts of soluble and active recombinant protein will allow investigations on structural aspects of the expressed protein partitioning into inclusion bodies increased with the total amount of protein accumulat--crystallin. The detailed knowledge of its structural aspects might shed light on the molecular basis of the ing within the E. coli cells. This might be explained by the higher order aggregation of folding intermediates congenital cataracts that occur due to a mutation in the -crystallin gene. being favored over on-pathway folding reactions at the The near UV CD spectra of the recombinant ( ࠗ-ࠗ-ࠗ) and the lens-isolated (-) -crystallin in presence (3, 4) and absence (1, 2) of NADPH. The sample was prepared in 10 mM Tris buffer, pH 7.4, containing 0.5 mM EDTA. It was incubated for 30 min with 20 M NADPH for those spectra where the cofactor has been added
